Progressive renal function decline begins in one third of patients with microalbuminuria and type 1 diabetes. This study examined whether this decline is associated with elevated excretion of inflammatory markers in urine. Five inflammatory markers (IL-6, IL-8, monocyte chemoattractant protein-1, interferongamma-inducible protein (IP-10), and macrophage inflammatory protein-1␦) were measured in urine samples from the First Joslin Study of the Natural History of Microalbuminuria in Type 1 Diabetes, a cohort recruited in 1991. Samples were obtained from 43 participants with microalbuminuria and stable renal function (nondecliners), from 28 with microalbuminuria and early progressive renal function decline (decliners), and from 74 with normoalbuminuria and stable renal function (reference). Urinary concentrations of all five inflammatory markers were significantly higher in decliners than in nondecliners, who were similar to the reference group. Multivariate analysis revealed that those with more than two markers elevated were more than five times as likely to have early progressive decline of renal function. In contrast, serum concentrations of C-reactive protein, IL-8, and macrophage inflammatory protein-1␦ did not differ between decliners and nondecliners. These results support the hypothesis that inflammatory processes in the kidney contribute to the progression of nephropathy in patients with type 1 diabetes.
Diabetic nephropathy (DN) is a severe late complication of type 1 diabetes that frequently requires renal replacement therapy. 1 Until recently, the prevailing thinking was that DN is a unidirectional disease process that progresses from microalbuminuria to overt proteinuria, followed by renal function decline that leads to ESRD. 2 Perkins et al. 3 documented diverse outcomes for patients with type 1 diabetes and microalbuminuria. First, a large proportion of them revert to normoalbuminuria. Second, one third of them begin losing renal function during the microalbuminuria stage, many years before progression to proteinuria. 4 These studies have replaced the previous paradigm of DN in type 1 diabetes, in which microalbuminuria was a committed first stage, with a new one in which only a subset of patients with microalbuminuria develop "progressive early renal function decline" that leads to ESRD. 4 This shift in paradigm highlights our lack of knowledge about the nature of the disease process underlying early progressive renal function de-cline, a process that takes place while renal function is still in the normal or even elevated range.
Glomerulopathy is recognized as a major contributor to the pathogenesis of DN 5, 6 ; however, a growing body of evidence suggests that tubulointerstitial injury mediated through an inflammation process may also contribute significantly to the development of DN and its progression. 7 In 1991, Bohle et al. 8 were the first to draw attention to the presence of tubulointerstitial injury in the human diabetic kidney and its role in the progression of renal failure. On the basis of a large collection of renal biopsies from humans with DN, they demonstrated the presence of infiltrates of monocytes, macrophages, and T cells in the interstitium similar to those seen in chronic glomerulonephritides. Several subsequent kidney biopsy studies showed associations between presence of specific inflammatory markers and severity of DN. 9 -12 Analysis of urinary or serum concentrations of inflammatory markers is a useful, noninvasive approach to investigate the association between DN and inflammation processes [13] [14] [15] ; however, most of the studies have not distinguished associations with urinary albumin excretion from associations with declining renal function. It wasn't until 2001 that urinary cytokines were proposed to be useful markers of renal disease progression, especially for distinguishing between fast and slow progressors. 16 So far, no published study has examined the association between urinary markers of inflammation and renal function decline in patients with microalbuminuria and type 1 diabetes.
RESULTS

Detectability of Inflammatory Markers in Urine
For the purpose of determining which specific inflammatory markers can be detected in urine, we carried out a pilot study. We assayed 22 cytokines/chemokines using a suspension array multiplex kit and a Luminex 100 platform. Results of assays run on urine samples from 30 individuals without and 30 with diabetes are summarized in Table 1 . Chemokines IL-8, monocyte chemoattractant protein-1 (MCP-1), and interferongamma-inducible protein (IP-10) were detected in the majority of urine samples, regardless of diabetes status. Among the proinflammatory cytokines, two were present in half of the urine samples (IL-1␣ and IL-6) and three (IL-1␤, IFN-␥, and TNF-␣) were detected less frequently. The other 10 cytokines were detected infrequently in urine specimens using the Beadlyte 22-plex assay.
To determine whether the low concentrations of cytokines might be due to poor recovery, we performed spiking experiments. The percentage recovery of each of the cytokines is presented in Table 1 . The recovery was excellent (between 90 and 110%) for one of three chemokines (IP-10) and 10 of 15 cyto- a Four markers (RANTES/CCL5, MIP-1␣/CCL3, Eotaxin/CCL26, and IL-12p40) were omitted because of unsatisfactory standard curves, as described in the Concise Methods sections. b The detection limit of an assay is defined by the manufacturer as 2 SD above the mean reading of 20 replicates of the zero standard. A marker is regarded as detected when duplicate measurements both are above the detection limit. c Percentage recovery is the concentration estimated by the assay divided by the known concentration spiked in the urine (556 pg/ml).
kines. It was acceptable (Ͼ70%) for two other chemokines (IL-8 and MCP-1) and four other cytokines. Recovery was unacceptably low for IL-1␣. Addition of serum diluent to the reaction matrix instead of assay buffer improved recovery. For IL-8 and MCP-1, recovery improved to 95 and 88%, respectively. Of the five cytokines with Ͻ90% recovery in assay buffer, four had slightly improved recovery (IL-13, IL-15, IFN-␥, and TNF-␣), but the low recovery for IL-1␣ did not change. Overall, the recovery results could not account for the low concentrations of the majority of examined cytokines in urine specimens obtained from patients with diabetes.
Study Groups and Their Characteristics
For the main study patients were selected from among participants in the 1st Joslin Study of the Natural History of Microalbuminuria in Type 1 Diabetes, a follow-up cohort recruited in 1991 and followed until 2005 3,4,17 . Three groups were studied: 74 patients with normoalbuminuria and stable renal function (reference group), 43 patients with microalbuminuria and stable renal function (nondecliners), and 28 patients with microalbuminuria and early progressive renal function decline (decliners). For illustration, data for a decliner and nondecliner are show in Figure 1 .
Clinical characteristics of patients in the three study groups are summarized in Table 2 . All patients were white and had similar distributions of sex, age, and duration of diabetes. At the time of enrollment patients with microalbuminuria (nondecliners and decliners) were more frequently smokers and had higher hemoglobin A1c (HbA 1c ) than patients with normoalbuminuria. 17 Also by design, patients with microalbuminuria had higher urinary albumin excretion than patients with normoalbuminuria. Importantly, however, mean cC-GFR was similar in all study groups.
Urine and serum specimens were obtained between 2000 and 2004, 7 yr (on average) after onset of microalbuminuria. At that time, their HbA 1c values were slightly lower than at enrollment, but the glycemic control in the three groups retained the same ranking. Systolic blood pressure manifested a similar pattern change. Also at this examination, few in the reference group were treated with ACE inhibitors, whereas 60% of nondecliners and 75% of decliners were treated with ACE inhibitors. AER was normal in the reference group and was elevated to the same degree in nondecliners and decliners. cC-GFR was highest in the reference group, lower in nondecliners and lowest in decliners. Importantly, cC-GFR was not below 60 ml/min in any patient. As a consequence of separating nondecliners and decliners according to the slope fitted to their estimates of cC-GFR during follow-up, renal function loss in nondecliners (median slope Ϫ1.6% per yr) was similar to that in the reference group (median slope Ϫ1.03% per yr) but was substantial in decliners (median slope Ϫ5.6% per yr).
Urinary Concentrations of Inflammatory Markers and Early Progressive Renal Function Decline
We measured five markers in urine samples from the three study groups. IL-8, IP-10, and MCP-1 were measured using the Luminex 100 platform. Because the assay for IL-6 on Luminex was not sensitive enough and the macrophage inflammatory protein-1␦ (MIP-1␦) assay on Luminex was not available, we measured both using ELISA. The results for urinary concentration of each of these markers with and without adjustment for urinary creatinine levels are shown in Table 2 .
Overall, urinary concentrations of these markers were very similar in the reference group and nondecliners but significantly higher in decliners (Table 2 ). These differences changed slightly after adjustment of marker concentrations for urinary creatinine concentrations to account for differences in hydration (Table 2) . After this adjustment, the concentrations of four of five markers were significantly associated with renal function loss, and the fifth (IL-6) approached significance (P ϭ 0.08). In subsequent analyses, we used values adjusted for urinary creatinine.
In patients with microalbuminuria, urinary concentrations of the five markers were not independent. All of the pairwise Spearman correlations were statistically significant (data not shown), indicating considerable overlap of the information carried by them. No single marker was sufficient to represent the whole panel. In fact, elevation of a single marker was very common in both the reference group and the nondecliners, but it was infrequent in decliners. Thus, a multiplicity of elevated markers, rather than a particular cytokine or chemokine, distinguished decliners from nondecliners and the reference group. Furthermore, no specific subset of markers dominated the profile; therefore, we created a simple index of inflammation that was positive when two or more markers exceeded the 75th percentile in the reference group Figure 1 . Slopes of renal function determined by serum concentration of cystatin C in two patients with new-onset microalbuminuria included in this study. The nondecliner with slope of 0.05% per yr had microalbuminuria diagnosed between the second and fourth years of follow-up and was followed for the subsequent 10 yr. The decliner with slope Ϫ7.6% per yr had microalbuminuria diagnosed between the second and fourth years of follow-up and was followed for the subsequent 12 yr. Arrows indicate examinations from which urine and serum samples were used in this study.
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Glycemic control (glycosylated hemoglobin [HbA 1c ]), gender, and albumin excretion ratio (AER) are potential confounders of this association. None of these variables was statistically significant in their association with decline; however, the associations of AER and gender with decline approached significance (P ϭ 0.067 and P ϭ 0.054, respectively). When the logistic model included gender, HbA 1c , AER, age, diabetes du- ration, and angiotensin-converting enzyme inhibitor (ACEI) and statin treatment, the odds ratio for the inflammation index remained similar to that in univariate analysis 5.7 (95% confidence interval 1.4 to 23).
Serum Concentrations of Inflammatory Markers and Early Progressive Renal Function Decline
We measured serum concentrations of two markers (IL-8 and MIP-1␦) and C-reactive protein (CRP) to investigate whether the differences in urinary concentrations between decliners and nondecliners stemmed from leakage of these markers from the systemic circulation. If so, then their presence in urine would reflect systemic rather than local inflammation. The concentrations of these three markers in serum did not differ among study groups (data not shown). Furthermore, Spearman correlation between serum and urine concentrations for IL-8 was 0.06 (P ϭ 0.60) and for MIP-1␦ was 0.05 (P ϭ 0.72).
Tracking of Concentrations of Inflammatory Markers in Urine over Time
To examine tracking of the markers over time, we measured the concentrations of IL-8, MCP-1, and IP-10 in urine samples that had been obtained earlier from 31 of the patients with microalbuminuria. This group included 13 decliners and 18 nondecliners, and the median interval between the earlier study (first) and the main study (second) was 3.4 yr. The median urinary concentration of each of these three markers during the first study was similar as that during the second study in nondecliners and decliners (Table 4 ). The median values did not change significantly over time, although there was significant reduction of cC-GFR during the 3.5-yr period in the decliners.
It is important to point out that during both the first and second studies, the urinary concentrations of IL-8 and MCP-1 were higher in the decliners than in the nondecliners (Table 4) . Urinary concentrations of IP-10 were not different between the two groups ( Figure 1 ).
DISCUSSION
In a previous study, we demonstrated that the process of progressive renal function decline in type 1 diabetes begins during the microalbuminuria stage, at which time renal function is normal or elevated. 4, 18 The ability to detect such decline in serial measurement of serum cystatin C provides motivation for research on the mechanisms underlying early progressive decline in renal function. Toward this end, we looked for and found an association between such renal function decline and elevated urinary concentrations of four proinflammatory chemokines (IL-8, IP-10, MCP-1, and MIP-1␦) and one proinflammatory cytokine (IL-6). Our results are consistent with previous work in experimental models and observational studies in humans that implicated inflammation in the development and progression of renal injury in diabetes 19 -21 ; however, we refine the characterization of its role in humans with type 1 diabetes by demonstrating that elevated levels of markers of low-level inflammation in urine are not associated with microalbuminuria per se but are specific for early progressive renal function decline.
Among the proinflammatory chemokines that are important in attracting leukocytes into areas of tissue damage, MCP-1 has been the most extensively studied in the context of DN 13, 22 ; however, the previous human studies frequently did not distinguish abnormalities in urinary albumin excretion from declining renal function. It is interesting that on the basis of in situ studies of human kidney specimens from a small number of patients with type 2 diabetes and DN, expression of MCP-1 was upregulated mainly in tubular cells and infiltrating mononuclear cells in the interstitium. 10, 23 IL-8, a potent chemotactic factor for neutrophils, T lymphocytes, and monocytes, plays a role in renal interstitial inflammation. IL-8 staining is detectable in tubular cells of kidney in humans with diabetes 24 and co-localizes with 
CD44
ϩ leukocytes infiltrating the interstitium. 24 As found in our study, previous publications showed elevated urinary IL-8 concentrations in diabetic kidney disease. 10, 22 IP-10, a potent chemotactic factor for T lymphocytes, is selectively expressed by tubular endothelial cells and colocalizes with infiltrating lymphocytes in an animal model of renal endothelial microvascular injury. 25 Expression profiling in human renal biopsies revealed that many genes of the NF-B pathway (particularly IP-10 and RANTES) are upregulated in the tubulointerstitium of patients with diabetes and histologic evidence of tubulointerstitial injury in comparison with patients with nonprogressive DN or minimalchange glomerulonephritis or in healthy control subjects. 11 Our study suggests that elevation of IP-10 in the urine of patients with DN is specific to those with early renal function decline and is not associated with any microalbuminuria.
The family of MIP-1 consists of several chemokines (MIP-1␣, ␤, and ␦) that are important in recruiting macrophages, T cells, dendritic cells, and NK cells to sites of inflammation. 26 They are implicated in many inflammatory disorders, including glomerulonephritis, 27 but have not been explored in DN. We measured MIP-1␦ and found that it is elevated in patients with early progressive renal function decline. MIP-1␦ acts mainly via the chemokine receptor CCR1, 26 which is implicated in the fibrotic processes in a murine model of Adriamycin-induced kidney injury. 28 IL-6 is one of the most extensively studied of the proinflammatory cytokines. 9, 29 Cortical mRNA expression of IL-6 is increased in diabetic rat kidney in comparison with normal rodents and is positively associated with elevated urinary concentrations of albumin. 30 Similarly, interstitial expression of IL-6 mRNA in human renal tissue from individuals with diabetes correlates with histologic features of interstitial injury. 9 Moreover, high serum and urinary concentrations of IL-6 are associated with greater albuminuria in patients with DN; however, serum and urinary levels do not correlate with each other. 14, 30 Finally, high urinary levels of IL-6 portend worse renal function (increase in serum creatinine) after 1 yr of follow-up. 31 Our study, however, indicates that urinary concentrations of IL-6 are only moderately associated with declining renal function and are not related to microalbuminuria.
Other inflammatory cytokines implicated in the development of DN, renal function decline, or chronic inflammation include TNF-␣, TNF-␤, IL-1, IL-2, TGF-␤, RAN-TES, MIP-1␣, and IFN-␥. 7,16,19 -21,30 -32 Among these, the evidence for TNF-␣ as a pathogenic factor in the very early stages of DN in the experimental models of type 1 diabetes suggests that it has potential as a marker of kidney injury, as reviewed recently by Navarro et al. 32 These authors also provided clinical data showing that urinary TNF-␣ was significantly and independently associated with both glomerular and tubulointerstitial lesions in type 2 diabetes 33 ; however, in our study, urinary TNF-␣ was not detectable in the majority of patients.
Urinary concentrations of the five chemokines/cytokines associated in this study with renal function decline are correlated, and they do give complementary information. Thus, a multiplicity of elevated markers discriminates between nondecliners and decliners better than any single marker. Our index of inflammation is a crude device that captures the information that more than a single marker is elevated. Additional studies will be required to develop a more precise criterion for detecting the inflammatory process. Evidence of systemic inflammation was not different between decliners and nondecliners insofar as it is reflected in serum concentrations of these inflammatory markers and CRP. This suggests that the urinary excretion of these markers reflects the inflammatory processes in the kidneys. Moreover, that process is protracted, as indicated by similar levels of urinary concentrations of IL-8 and MCP-1 in samples obtained several years apart.
None of the covariates available in this study, such as age, duration of diabetes, glycemic control, urinary albumin excretion, and treatment with ACEI, accounted for the association of the index of inflammation with early renal function decline. Therefore, the nature of the factors determining the elevated concentrations of urinary proinflammatory chemokines and cytokine remains unknown.
Several limitations of our study need to be acknowledged. First, we examined only 23 cytokines in urine of more than 200 known so far. 34 Five were detected in the majority of urine specimens obtained from patients with diabetes and could be examined for association with declining renal function. The other 14 could not be examined for association because of a low frequency of detection and four because of unsatisfactory performance of the assay.
Second, for all patients, we examined one urine sample obtained 6 to 8 yr after the onset of microalbuminuria, when decliners already had lower cC-GFR than nondecliners; therefore, our findings can be interpreted in two different ways. One is that the elevated chemokines may be a consequence of the declining GFR; however, the latter possibility was not supported by our study of urine samples obtained 3.5 yr earlier in a subset of examined patients when the decliners and nondecliners had similar cC-GFR. Thus, the alternative interpretation of our findings is that elevated chemokines causally contribute to the inflammatory process in the kidneys (in glomeruli or tubular cells) and early progressive renal function decline. If so, then modulation of these chemokines may slow the rate of decline, as has been demonstrated in some animal studies. 28, 35, 36 Further research is required to establish unequivocally the causal relationship between inflammation processes in kidney and early progressive renal function decline in patients with microalbuminuria and type 1 diabetes.
CONCISE METHODS
The Committee on Human Studies of the Joslin Diabetes Center approved the protocols and informed consent procedures for both studies.
Pilot Study
We collected random urine samples from 30 patients with diabetes: 10 from patients with normoalbuminuria, 10 with microalbuminuria, and 10 with proteinuria. Random urine specimens were also obtained from 30 individuals without diabetes. In the last specimens, the albumin-to-creatinine ratio was determined to be within the normal range in all but one sample. No other medical or demographic information was sought from volunteers with and without diabetes.
All urine specimens from both the pilot and main studies were handled in the same way. Specimens were collected from patients into sterile cups (Vacutainer Urine Collection Cup; Cardinal Health, Dublin, OH) during the daytime and then after storage up to a few hours at 4°C aliquotted in a smaller amount, 1.5 ml, into sterile, nontoxic, nonpyrogenic cryogenic tubes (CryoTubes CryoLine System; NUNC Serving Life Science, Rochester, NY), and frozen at Ϫ80°C until further analysis.
Selection of Patients for the Main Study
Three groups of patients were selected for this study from among participants in the First Joslin Study of the Natural History of Microalbuminuria in Type 1 Diabetes, a follow-up cohort recruited in 1991. 3, 4, 17, 37, 38 From among the 267 patients who had persistent normoalbuminuria during the interval 1991 and 2004, we randomly selected 74 as a reference group. From the 86 patients who developed new-onset microalbuminuria between 1992 and 1996, we identified 71 patients for whom we had obtained urine and serum specimens during one of the biennial examinations carried out between 2000 and 2004. These 71 patients were divided into case patients and control subjects according to the protocol described next.
Assessment of Renal Function Changes Expressed as Slopes of Renal Function over Time
The protocol used for assessment of early progressive renal function decline has been described in detail previously. 4, 38 In brief, renal function was assessed by serum cystatin C. Cystatin C-based formula for GFR estimation was shown to be a valuable method in the renal function assessment in the population of DN in several reports. 4, 38, 39 GFR in ml/min was approximated numerically by the reciprocal of cystatin C (in mg/L) multiplied by 100 (cC-GFR). 38 A regression slope fitted to serial measurements of cC-GFR over several years accurately tracks the trend in renal function during that time. 4, 38 Patients from the normoalbuminuria and microalbuminuria groups had, on average, 3.4 and 4.8 cC-GFR estimates, respectively.
The 71 patients with microalbuminuria were divided into case patients and control subjects according to the regression slope fitted to their follow-up estimates of GFR based on serum cystatin C (cC-GFR). Case patients were the 28 patients with renal function loss of Ն3.3% per year (slopes ranging from Ϫ3.3 to Ϫ13.7% per year), hereafter referred to as decliners. 4 Control subjects were the remaining 43 patients with stable renal function or minimal renal function loss (slopes ranging from 1.0 to Ϫ3.2% per year), hereafter referred to as nondecliners. 4 
Characteristics of Patients Selected for this Study
Protocols for the determination and definition of patient characteristics were described previously. 3, 4, 37 The initial characteristics for patients with normoalbuminuria were obtained during the 2-yr interval at enrollment into the First Joslin Study, whereas, for decliners and nondecliners, these characteristics were obtained during the interval when new onset of microalbuminuria was diagnosed. The same characteristics were assessed in all three groups again at the time of sampling the urine and serum specimens for this study.
Measurements of Inflammation Markers
We used a recently developed Luminex 100 -based approach to allow us to measure concentration of a large number of cytokines in the samples. This protein array technology is a multiplex sandwich-type liquid-phase immunoassay with modified flow cytometer incorporated in the detection system. 40 To examine urinary concentrations of cytokines and chemokines, we used a Beadlyte Human 22-plex Cytokine Detection Panel (Upstate USA, Lake Placid, NY) and Luminex 100 (Luminex Corp., Austin, TX). The sensitivity of each cytokine or chemokine assay was already determined by the manufacturer. To validate this assay system in urine and to determine the profile of detectable cytokines in the population of our interest, we conducted a pilot study in urine samples from 30 individuals with and 30 individuals without diabetes.
In preliminary studies, we found that recovery of spiked undiluted urine samples was poor (data not shown). To control the potential interference of urinary matrix, we diluted urine samples 1:1 in assay buffer (PBS [pH 7.4], 1% BSA, and 0.05% Tween 20) . All samples were run in duplicate, and median fluorescence intensity was measured (bead count per well 50) and then converted to nominal values by interpolation to the five parametric logistic standard curve. Four analytes (eotaxin, IL-12p40, MIP-1␣, and RANTES) were excluded at this phase because of unreliable performance of standard curve. Recovery of cytokines in urine diluted in the assay buffer was studied in the 30 samples from patients with diabetes. For selected cytokines and chemokines, we repeated the recovery studies with Beadlyte Serum Standard Diluent (formulation of animal protein and sera provided by the manufacturer) instead. Performance of assay when urine samples were buffered with the assay buffer was superior among all and was chosen for the case-control study with the intra-assay coefficient of variation 10.5, 7.7, and 8.43% for IL-8, IP-10, and MCP-1, respectively.
Stability of urinary chemokine concentrations during storage at Ϫ80°C was excellent, because Spearman correlations between the chemokine concentrations in the same samples, measured Ͼ2 yr apart, were 0.93 for IL-8, 0.85 for MCP-1, and 0.87 for IP-10.
Measurement of Concentrations of Inflammation Markers in Urine Specimens in the Case-Control Study
In the case control study, we used Beadlyte Human Cytokine Detection Panel (Upstate USA) and Luminex 100 (Luminex Corp.) to measure urinary concentrations of three chemokines: IL-8, MCP-1, and IP-10. In addition, we measured urinary concentrations of IL-6 using an HS Quantikine ELISA (R&D Systems, Minneapolis, MN) that detected this cytokine in 90% of urine specimens and as a more sensitive method than Beadlyte IL-6. We used previously validated ELISA assay for MIP-1␦ (R&D), which was sensitive enough to detect this chemokine in 85% of urine specimens.
Measurements of Concentration of Inflammation Markers in Serum
We measured the serum concentrations of two markers, IL-8 and MIP-1␦, and concentration of CRP as the index of general inflammation. Concentrations of the first two markers were measured using the same methods as described for urine specimens. Serum levels of CRP were measured with the Human CVD Biomarker Panel 2 (Linco, St. Charles, MO) on the Luminex platform.
Evaluation of Tracking of Urinary Concentration of Chemokines over Time
For 31 patients with microalbuminuria (13 decliners and 18 nondecliners), we were able to identify an earlier urine sample, and the median interval between the earlier urine sample and the sample examined for this study was 3.4 yr. These samples were stored in the same condition as the samples for the main study. In these samples, three chemokines, IL-8, MCP-1, and IP-10, were measured using the Luminex-based protocol described.
Statistical Analyses
We used nonparametric Kruskal-Wallis test for comparisons among three groups and Wilcoxon test for comparisons between two groups to compare the continuous variables and 2 test to compare categorical variables between the studied groups. Logistic regression was used to study the association of urinary cytokines and chemokines with renal function loss. Spearman correlation coefficient was used to determine correlation among the values of the study variables.
